Introduction
The insulin-like growth factor (IGF) axis has been reported by several studies to be among the most deregulated signaling pathways in several types of neoplasm, including hepatocellular carcinoma (HCC) (1, 2) . The IGF axis and principally the gate-keeper of this pathway, IGF-1 receptor (IGF-1R), has recently been identified as a potential target for the treatment of HCC. To achieve this, several IGF-1R inhibitors were developed, including small molecules, monoclonal antibodies, antisense oligonucleotides and small interfering (si)RNAs (3) (4) (5) (6) (7) . However, an unpredictable mechanism of resistance to IGF-1R inhibitors was observed (8) . Compensatory activation of associated downstream signaling pathways, including the phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR), Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway and RAS/RAF/mitogen-activated protein kinase (MAPK) signaling cascades ( Fig. 1 ), emerged as a critical mechanism of drug resistance in HCC cells (9) (10) (11) . Hence, targeting a single point in this pivotal signaling pathway was found to induce compensatory up-and/or downstream activation, resulting in drug resistance (12, 13) . However, a vertical and/or horizontal blockage of this axis may solve this problem.
MicroRNAs (miRNAs/miRs) are small non-coding RNAs (~22 nucleotides long) that act post-transcriptionally to regulate gene expression (14) . The idea of using such epigenetic modulators as therapeutic tools is highly compelling due to the fact that they can affect hundreds of targets rather than a single one, a trait that gives them the power to shut down an entire deregulated pathway (15) . In addition, they have the ability to tune the expression level of their targets instead of blunting it, which is basically less damaging to healthy cells (16) . In HCC, the deregulated miRNAs and their role in HCC development have become a focus of interest, and a set of miRNAs have been implicated in HCC carcinogenesis (17, 18) . Currently, an miRNA drug, MRX34, is undergoing a phase 1
MicroRNA-486-5p enhances hepatocellular carcinoma tumor suppression through repression of IGF-1R and its downstream mTOR, STAT3 and c-Myc
clinical trial for patients with advanced HCC. This drug is based around miRNA-34a, which is one of the most prominent tumor suppressor miRNAs in HCC (19) . The miRNA of other potential tumor suppressors has been found to target several components of the IGF-signaling pathway; for example, miR-615-5p, which was previously reported by our group to directly target IGF-2 (20) . Focusing on the gatekeeper of the IGF-axis, IGF-1R, several miRNAs, including miR-145 and miR-99a, have been found to act as tumor suppressors in HCC through direct targeting of IGF-1R (21, 22) . Notably, it was recently reported that miR-486-5p directly targets IGF-1R in lung cancer (23) . However, this has not previously been investigated in HCC. Therefore, the main aim of the present study was to investigate the impact of miR-486-5p on IGF-1R and its downstream signaling mediators, mTOR, STAT3 and c-Myc, in an approach that aids in our understanding of the molecular mechanism of miR-486-5p in HCC.
Materials and methods
Patients and tissue samples. The present study included 20 hepatitis C virus (HCV)-induced HCC patients who underwent liver transplant surgery in the Kasr El Einy Hospital, Cairo University (Cairo, Egypt). Due to the scarcity of healthy liver donors, only 10 liver biopsies were obtained from 10 healthy donors during liver transplantation operation. All HCC patients were HCV-positive, with no metastases or extrahepatic manifestations, and no invasion of the vascular system. The healthy donors did not suffer from diabetes or hypertension, and were negative for the hepatitis B virus (HBV) and HCV, as shown in Table I . In total, 70% of the patients presented with >1 focal lesion, as determined by the pathology report, and were subjected to clinical assessment according to the Milan criteria (24) , as shown in Table II manufacturer's instructions, and experiments were repeated three times. Cells that were only exposed to transfection reagent were designated as mock cells, cells transfected with miR-486-5p mimics were designated as miR-486-5p cells and cells transfected with IGF-1R siRNAs were designated as IGF-1R siRNA cells.
Total RNA extraction from liver biopsies and HCC cell lines. mRNAs and miRNAs were extracted from the liver biopsies and the HCC cells. Fresh liver samples (HCC and healthy tissues) were collected during surgery and snap-frozen in liquid nitrogen. The specimens were manually pulverized in liquid nitrogen and ~100 mg of tissue powder was used for large and small RNA extraction using the mirVana miRNA Isolation Kit (Ambion; Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manufacturer's instructions. The HCC cells were harvested at 48 h post-transfection according to the HiPerfect Transfection Reagent protocol: 37.5 ng oligonucleotides were used for Huh-7 cell transfection in a 24-well plate.
A spectrophotometer was used to quantify the yield of RNA, and RNA integrity was tested by 18s rRNA band detection using 1% agarose gel electrophoresis. The ratio of absorbance at 260 and 280 nm was used to assess the purity and quantity of RNA yield. A ratio of ~2.0 is generally accepted as 'pure' for RNA. Thus, RNA samples with absorbance values outside the range of 1.8-2 were excluded from the study, as previously described (20, 25 (20, 25) .
All PCR reactions including controls were run in triplicate reactions.
Cellular viability. In order to determine cellular viability, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, 10,000 Huh-7 cells were seeded in 200 µl of culture media (full DMEM) per well in a 96-well plate and incubated 24 h prior to transfection with 12.5 ng miR-486-5p mimics or IGF-1R siRNAs (according to the HiPerfect protocol; Qiagen GmbH). At 48 h post-transfection, 20 µl MTT solution (5 mg/ml MTT in phosphate-buffered saline) was added to each well. Subsequent to incubation for 5 h, formazan (MTT metabolic product) was re-suspended in 200 µl dimethyl sulfoxide. Colorimetric measurements and absorbance were performed using a Wallac 1420 Victor2 Multilabel Counter (Perkin Elmer Inc., Waltham, MA, USA), as previously described (20, 25) .
All cell viability experiments were performed in quadrate and repeated 5 times.
Cellular proliferation. In order to determine cellular proliferation, a BrdU incorporation assay was used. The Huh-7 cells were seeded 24 h prior to transfection into black 96-well plates and transfected with 12.5 ng oligonucleotides (according to the HiPerfect protocol; Qiagen GmbH) with an initial constant cell count of 5x10 4 cells/well. At 48 h post-oligonucleotide transfection, the cells were labeled with BrdU labeling reagent for 4 h (with a final concentration of 100 µM) using the Cell Proliferation ELISA kit (Roche Applied Science, Penzberg, Germany). The cells were then fixed using FixDenate for 30 min and incubated with Anti-BrdU POD (with a final concentration of 10 µM) for 90 min, as previously described (20, 25) .
All cellular proliferation experiments were performed in quadrate and repeated 5 times. 
Growth assays
Colony-forming assay. Huh-7 cells (1,500 cells/well) were seeded and left to adhere overnight. At 48 h post-transfection, the cells were detached and imbedded in soft agarose; the bottom layer was prepared with 0.76% agarose and the top layer with 0.36% agarose, in culture media (full DMEM). The cells were incubated at 37˚C for 2 weeks to allow for colonization. The colonies were then stained with crystal violet dye and their numbers were counted per well. All colony-forming assays were performed in triplicate (3 wells/test) and repeated 5 times, as described previously (20, 25) . Cell scratch wound healing assay. Huh-7 cells were left in 24-well plates until they had reached 85-95% confluence. At 48 h post-transfection, 3 scratches/well were made in each plate with a 20-µl pipette tip. Serum-free medium was used to wash off detached cells. Culture medium (full DMEM) was then added, and the culture plates were incubated at 37˚C, in a 5% CO 2 atmosphere. At 24 h post-scratching, migration was documented, and the quantification of wound closure was performed using Zen2012 software by measuring the surface area of the scratch. All scratch assays were performed in triplicate (3 wells/test, representing 9 scratches/test) and repeated 3 times, as described previously (20, 25) .
Statistical analysis.
A Mann-Whitney U test was performed to compare gene expression between two independent groups. P<0.05 was considered to indicate a statistically significant difference. All the data were statistically analyzed using GraphPad Prism 5.0 (Graphpad Software Inc., La Jolla, CA, USA).
Results

Screening of miR-486-5p in healthy liver tissues, HCV-induced
HCC liver tissues and Huh-7 cell lines. miR-486-5p exhibited significant downregulation in the HCV-induced HCC tissues (P=0.0022) and Huh-7 cell lines (P=0.0121) when compared with the liver tissues obtained from healthy donors (Fig. 2A) . (Fig. 2B) .
Impact of miR-486-5p on its target IGF-1R and its downstream mediators in
Functional analysis of miR-486-5p in Huh-7 cell lines.
After proving the impact of miR-486-5p on IGF-1R and its downstream signaling cascades, given that miR-486-5p has been rarely investigated in HCC and has never been functionally analyzed in Huh-7 cell lines, several functional analysis experiments were performed to evaluate the overall effect of miR-486-5p on various characteristic properties of tumor cells.
Impact of miR-486-5p on cellular viability and proliferation. An MTT assay was used for investigating cell viability and growth. Transfection with miR-486-5p mimics led to a significant decline in cellular viability compared with that in the mock cells (P=0.0301), in the same manner as the positive control IGF-1R siRNAs used in the study (Fig. 3A) .
A BrdU incorporation assay was used for investigating cell proliferation and growth. Forcing the expression of miR-486-5p significantly reduced cellular proliferation compared with the mock Huh-7 cells (P=0.0325), in the same manner as the IGF-1R siRNAs (Fig. 3B) .
Impact of miR-486-5p on cellular migration in Huh-7 cells.
Images for the two-dimensional scratch-migration assay were documented at 10-fold magnification. Cellular migration was calculated as the percentage of wound closure. Representative pictures of the scratches are shown in Fig. 4A . The transfection of the Huh-7 cells with miR-486-5p mimics led to a marked reduction in tumor cell migration compared with that in the mock cells (P=0.0286), which was comparable to the effect of IGF-1R siRNAs (Fig. 4B) .
Impact of miR-486-5p on cellular anchorage-independent growth in Huh-7 cells. miR-486-5p intended overexpression resulted in a considerable inhibition of colony formation (26.7±2.4) in the Huh-7 cells compared with the mock cells (114.3±7.9), which was comparable to the positive control knockdown cells that were transfected with IGF-1R siRNAs (22.4±2.8) (Fig. 5) . 
A B Discussion
Deregulation of the IGF-axis is renowned to contribute to each stage of HCC progression and treatment resistance (1,26-28 ).
On the other hand, studies have identified few potential targets for miR-486-5p, including the antiapoptotic factor olfactomedin-4 (29), Rho GTPase-activating protein 5 (30), the tumor suppressor phosphatase and tensin homolog (31), the proto-oncogene Pim-1 kinase (32) and the chief gatekeeper of the IGF-axis IGF-1R, which was also reported to be a validated target for miR-486-5p in lung cancer (23) thus rendering it as a potential candidate for investigation in HCC. Studies investigating miR-486-5p in HCC are scarce, and its expression profile has not previously been investigated in HCV-induced HCC liver tissues. Therefore, the present study aimed to screen for miR-486-5p in HCV-induced HCC liver tissues compared with healthy liver tissues. Significant downregulation of miR-486-5p was found in the HCV-induced HCC tissues, as well as in Huh-7 cells (Fig. 2) . This corroborates a recent study performed on Chinese patients in which miR-486-5p was also downregulated in HBV-induced HCC tissues (33) .
It is important to note that miR-486-5p has also been found to be downregulated in numerous other cancer types, including pancreatic cancer (34) , gastric cancer (29) , osteosarcoma (35) , and lung cancer (23) , however, the mechanism of miR-486-5p downregulation in those types of cancer, including HCC, is largely unknown. According to previous studies, miR-486-5p downregulation in HCC tissues could be highly accredited to its chromosomal location (8p11.21), which is one of the most typically occurring genomic deletion regions, containing potential tumor suppressor genes (29) . Epigenetic silencing 
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through DNA methylation and/or histone deacetylation could also be one of the reasons for miR-486-5p downregulation, particularly in HCV-induced HCC tissues, as HCV core protein was recently reported to directly induce DNA methylation in HCC tissues (36, 37) . However, further studies are required to investigate the exact mechanisms underlying miR-486-5p suppression in HCC.
To elucidate the molecular mechanism of miR-486-5p in HCC, the IGF-axis was the main concern of the present study. miR-486-5p was found to negatively regulate its validated target IGF-1R in Huh-7 cells. Nevertheless, miR-486-5p was able to block the IGF-signaling pathways downstream of IGF-1R, namely the PI3K/AKT/mTOR, JAK/STAT and RAS/RAF/MAPK pathways, by the downregulation of mTOR, STAT3 and c-Myc mRNA levels, respectively (Fig. 2) . This could be a direct or indirect effect of miR-486-5p on the downstream mediators, as bioinformatically, miR-486-5p was predicted to target the 3'-UTR of STAT3. By contrast, miR-486-5p was recently found to target an upstream regulator of PI3K/AKT/mTOR known as p85α, thus inhibiting the activation of the PI3K/AKT/mTOR pathway and its interlocked RAS/RAF/MAPK signaling cascade, and indirectly acting as a repressor for mTOR and c-Myc transcription (33, 38) . It is important to note that due to the limited efficacy of IGF-1R inhibitors as a single therapy in HCC and the compensatory activation of downstream signaling pathways resulting in drug resistance (9-13), a combination of agents targeting multiple molecules in IGF-axis, known as vertical blockade, were previously evaluated in several preclinical studies, and synergistic anti-cancer efficacy was demonstrated (39, 40) . However, the current study nominates miR-486-5p as a single endogenous biological molecule that could vertically and horizontally block the IGF-signaling pathway, as miR-486-5p was not only able to repress the downstream signaling cascades of IGF-1R, but it could also repress the mRNA level of its other validated target IGF-1, the main ligand of the IGF-axis (23) in Huh-7 cells (Youness et al, unpublished data). This feature ranks miR-486-5p as a possible therapeutic target for HCC, with an expected synergistic anti-tumor effect and reduced resistance compared with any other IGF-1R inhibitors. Further investigations are required to experimentally validate the superiority of miR-486-5p over other IGF-1R inhibitors in the treatment of HCC.
Due to the fact that miR-486-5p was found to have a dual action and can function as a cancer-specific tumor suppressor, as in gastric cancer (29) and non-small cell lung cancer (23, 30) , or as an aggressive oncomiR as in case of colorectal cancer (41) and glioblastoma (42) , it was tempting to mechanistically investigate the role for miR-486-5p as either a tumor suppressor miRNA or an oncomiR in HCC. In the current study, miR-486-5p was shown to act as a tumor suppressor miRNA in HCC as it markedly reduced the Huh-7 cell viability, proliferation, migration and clonogenicity in a similar pattern to that exhibited by IGF-1R siRNAs (Figs. 3-5) . These results are in line with those of a recent study performed on QGY-7701 and QGY-7703 HCC cell lines, which reported that miR-486-5p also repressed the migration and induced apoptosis of those types of cells (33) .
In conclusion, the potential role of miR-486-5p in vertically and horizontally blocking the IGF-axis, represented by repressing the expression levels of IGF-1R and its downstream mediators mTOR, STAT3 and c-Myc in Huh-7 cells, was investigated in this study. Mechanistically, miR-486-5p was found to act as a potential tumor suppressor miRNA in HCC. Further studies are required to determine if miR-486-5p could be used as a potential therapeutic target for the treatment of HCC.
